Regenerating oaks (Quercus spp.) has remained a widespread and persistent problem throughout their natural range. Research shows that abundant oak advance reproduction is crucial for success. Although it is recognized that oak advance reproduction accumulation is inversely related to site quality, there has been little effort to model oak advance reproduction density as a function of measured levels of light, water, or nutrient supply. The objective of this study was to determine whether oak advance reproduction could be modeled and mapped with site variables. The study was conducted on the Sinkin Experimental Forest in southeastern Missouri in 20 5-ha experimental units. Vegetation and site data were collected in 120 0.5-ha circular plots with nested subplots for the inventory of the midstory (0.01 ha) and reproduction (0.004 ha). Site variables included soil available water capacity, pH, photosynthetically active radiation in the understory, forest stocking, terrain shape, and slope-aspect. Oak advance reproduction abundance was related to soil acidity and available water capacity and to other site information such as slope-aspect. Models for the red oak group species generally exhibited better fit than those for the white oaks. There also was evidence that estimates of soil acidity and available water capacity can be obtained from the SSURGO database and used in these oak advance reproduction models along with other site information to generate maps of estimated oak reproduction densities. These maps could be used for planning silvicultural interventions to increase the abundance and size of oak advance reproduction before forest regeneration.
disturbance than do new oak seedlings established at the time of canopy removal (Sander 1971 , Sander et al. 1984 ).
It has long been recognized that the ability of oak advance reproduction to persist and accumulate in the understory is related to site quality (Carvell and Tryon 1961 , Trimble 1973 , Sander et al. 1984 , Loftis 1990 , Lorimer 1993 ) and other biotic and abiotic factors . Stands having lower site quality generally have less available soil water and/or fewer nutrients and consequently support fewer oak competitors to shade or displace oak seedlings in the understory Steiner 2008, Johnson et al. 2009 ). Oaks are more drought tolerant than many of their competitors and are better able to survive on droughty sites ). Under these conditions, oak seedlings that establish after an abundant acorn crop are more likely to survive in the understory, particularly in the absence of competitors that otherwise reduce light availability. During the ensuing years, oak shoots may occasionally die back and resprout as the oak root systems continue to grow. Through this process, oaks can develop the large root systems needed for producing rapid shoot growth and remaining competitive with other species after a disturbance to the canopy (Sander 1971 , Sander et al. 1984 ).
Despite recognizing a relationship between site variables and oak regeneration potential, there have been few attempts to link measured levels of light or physical measurements of soil water and nutrient supply to the abundance of advance reproduction in undisturbed forest landscapes. In most oak regeneration studies, light, moisture, or nutrient supply gradients have been inferred by using surrogate variables such as site index, slope position, slope-aspect, and canopy cover (Sander et al. 1984 , Walters 1990 , Dey 1991 , Dey et al. 1996 , Larsen et al. 1997 , physiographic province Steiner 2008, Dey et al. 2009 ), and soil series or land type Steiner 2008, Kabrick et al. 2008) . These surrogate variables have been used largely because they can be readily determined by observation during routine forest inventories without expensive and time-consuming field and laboratory analyses needed for quantifying resource availability. However, the increasing availability of spatially explicit soil information through the US Soil Survey Geographic (SSURGO) database provides a means for estimating water and nutrient supply. This information can be combined with other stand data such as overstory density or light levels reaching the reproduction layer for mapping estimates of oak advance reproduction density in mature oak forests that have reached the understory reinitiation stage of stand development (sensu Oliver and Larson 1996) . Maps of oak advance reproduction density can be can used as a planning tool for foresters to identify where in the landscape silvicultural interventions are needed to ensure oak regeneration success.
The objectives of this study were to determine whether models can be developed for estimating oak advance reproduction using metrics of soil water, soil nutrient, and light supply and to determine whether or not these models could be linked to remotely sensed information for predicting oak advance reproduction abundance. Here metrics of soil nutrient and water supply included the soil pH and the available water capacity, terrain shape, and slope-aspect, and metrics of light supply included the measured photosynthetically active radiation in the understory and stand density. This investigation is part of a larger regional study examining oak regeneration dynamics across the southern United States (hereafter referred to as the Regional Oak Study [ROS] ). A major objective of the ROS is to further the understanding of oak regeneration and ecology with emphasis on the development of management guidelines that will increase oak regeneration success. In this article, the focus is on the Ozark Highlands where oak advance reproduction generally accumulates and persists in the understory for long periods of time, but where there is still considerable variation that appears to be related to site conditions (Sander et al. 1984 , Dey 1991 , Kabrick et al. 2008 ).
Methods

Study Location
The study was conducted in the Sinkin Experimental Forest (SEF) located in southeastern Dent County, Missouri, USA, in stands that had not been harvested or thinned for at least 40 years. Study sites are within the Current River Hills Subsection of the Ozark Highlands (Nigh and Schroeder 2002) . Data from a weather station located on the SEF indicated that during the past decade the average annual precipitation was 1,300 mm with about 61% falling between April and September. The average temperature was 14°C annually, 24°C during the summer (June, July, and August), and 2°C during winter (December, January, and February). This region has narrow ridges and steep side slopes with a relief of 60 m. The soils developed in parent materials derived from sandstone and dolomite layers of the Roubidoux and Gasconade formations and are highly weathered, droughty, and strongly acid and contain a high percentage of rock fragments. Information obtained from the Missouri Cooperative Soil Survey 1 indicated that common soil series on ridge tops and upper slopes were derived from the Roubidoux and Gasconade formations and included Coulstone and Clarksville (both Typic Paleudults), Hobson (Oxyaquic Fragiudalfs), Lebanon (Typic Fragiudults), and Nixa (Glossic Fragiudults). Soils on the lower hillsides developed in parent materials derived from the lower portion of the Gasconade formation generally are less weathered. Some of these soils are greatly influenced by the underlying dolomite and consequently contain clayey residuum that has a greater cation exchange capacity, fewer rock fragments, and a greater available water capacity than those in soils in higher landscape positions. The most common soil series on lower hillsides include Clarksville and Doniphan (both Typic Paleudults) and Moko (Lithic Hapludolls). Outcrops of dolomite occur with some of the Moko soils.
Vegetation Data Collection
Vegetation data were collected in 20 rectangular 5-ha experimental units each established along a single hillslope. In these experimental units, four contrasting oak regeneration methods will be compared as part of the ROS. However, the data used in this article were pretreatment and were collected in undisturbed, mature upland oak and oak-pine stands. Within each experimental unit were six circular, 0.05-ha overstory sampling plots positioned evenly within the 20 treatment units, providing a total of 120 sample locations. Trees Ͼ25 cm dbh were inventoried within each 0.05-ha (overstory) plot, and trees of 5 to 25 cm dbh were inventoried within a concentrically nested circular 0.01-ha (midstory) plot. Data recorded included species, crown class, and dbh to the nearest 0.1 cm. Trees of Ͻ5 cm dbh were inventoried within a 0.004-ha circular (regeneration) plot located 8 m from the center of the 0.05-ha overstory plot at a 45°azimuth. This offset ensured that the advance reproduction was not disturbed during measurement of the overstory and midstory. Trees in regeneration plots were tallied by species in 6 height/diameter classes: (1) Յ30 cm tall; (2) 30 -59 cm tall; (3) 60 -89 cm tall; (4) 90 -120 cm tall; (5) Ն120 cm tall to 3.8 cm dbh; and (6) Ն3.8 -5.0 cm dbh. Heights were determined to the nearest 1.0 cm, and diameters were determined to the nearest 0.1 cm.
Within each overstory plot, a single dominant or codominant tree was selected for site index estimation based on guidelines by Carmean et al. (1989) . Preferred site index trees were red oak species (Quercus spp. L.; section Lobatae), followed by white oaks (Quercus spp. L.; section Quercus) and shortleaf pine (Pinus echinata Mill.). The height of each site index tree was measured to the nearest 0.1 m using an Impulse 200 laser. An increment core was removed at breast height of each site index tree, and the rings were counted with the aid of a hand lens. Site index was calculated for individual trees using relationships developed for oaks and shortleaf pine in Missouri (Nash 1963 , McQuilkin 1974 . All site index values were then converted to a black oak (Q. velutina Lam.) site index basis for comparison (McQuilkin 1976) .
Inventories indicated that the overstory trees had an average age of 82 years, and oaks were the dominant species, contributing 59% of the basal area. Of the oak species present, white oak (Quercus alba L.) comprised 22% of the basal area, black oak 21%, scarlet oak (Quercus coccinea Muench.) 12%, and northern red oak (Quercus rubra L.) 4%. Shortleaf pine comprised 22% of the basal area. Other species by basal area included hickory species (Carya spp.) (7%), slippery elm (Ulmus rubra Muhl.) (2%), flowering dogwood (Cornus florida L.) (2%), blackgum (Nyssa sylvatica Marsh.) (2%), black walnut (Juglans nigra L.) (2%), red maple (Acer rubrum L.) (1%), and sugar maple (Acer saccharum Marsh.) (Ͻ1%). Spice bush (Lindera benzoin [L.] Blume) and Carolina buckthorn (Frangula caroliniana [Walter] A. Gray) were also present in the understory.
Site Variables
In vegetation plots, the slope-aspect, the percent slope, and the shape of the land surface were measured. Slope-aspect was measured from the plot center in the direction of the steepest slope using a handheld compass and clinometer. Aspect was transformed to a linear value ranging from 0 for southwest aspects (azimuth of 225°) to 2 for northeast aspects (azimuth of 45°) following the model developed by Beers et al. (1966) , in which the transformed aspect (TASPECT) ϭ cos(45 Ϫ aspect) ϩ 1 (Beers et al. 1966 ). The terrain shape was quantified using the terrain shape index (TSI) as described by McNab (1989) from the center of each plot using a handheld clinometer. Specifically, at each plot center, measurements were made starting in the direction of the aspect and then rotating clockwise in 45°increments for a total of eight slope measurements. The slope from the plot center to the plot perimeter (12.6 m) measured parallel to the land surface was recorded. Slopes were recorded as percentages, with down-slope measurements recorded as negative values and up-slope measurements as positive values. All eight measurements were summed and divided by eight to obtain an average TSI value.
Soils were sampled in a single 1-m-deep excavation within each 0.05-ha overstory plot adjacent to the 0.004-ha reproduction plot. In each pit, soil horizons were identified and described according to standard soil survey procedures (Schoeneberger et al. 2012) , the percent volume of coarse fragments of Ͼ2 mm in diameter in each horizon was estimated, and samples from each horizon were collected for laboratory analysis. Soil samples were air dried, crushed, sieved to remove coarse fragments, and analyzed for particle size determination by the pipet method, pH, exchangeable base cations including calcium, magnesium, sodium, and potassium, and the exchangeable acidity by titration. All methods were completed according to the US Department of Agriculture (2004) . The pH measurements were made using a 1:1 ratio of soil to water (pH w ) and a 1:2 ratio of soil to 0.01 M CaCl 2 solution (i.e., salt pH [pH s ]). Percent base saturation (BS) was calculated for each horizon by summing extractable bases (calcium, magnesium, sodium, and potassium) and dividing by the sum of the extractable bases plus exchangeable acidity. Soil pH and BS were converted to a profile basis by weighting values of individual horizons proportionally by their thickness and summing values for each profile. Before this calculation, the pH values were converted to a hydrogen ion concentration basis. An estimate of available water capacity (AWC) was then calculated using the laboratory-determined particle size distribution to identify the texture class for each horizon. Estimates of AWC were assigned to each horizon based on soil texture using numeric values for similar soils in Missouri reported in the Cooperative Soil Survey. Values used were 0.10 cm/cm for sandy loams, 0.14 cm/cm for sandy clay loams, 0.15 cm/cm for clays and silty clays, 0.18 cm/cm for silt loams, and 0.19 cm/cm for clay loams, loams, and silty clay loams. The AWC for each soil horizon was calculated using the formula: AWC (horizon) ϭ [horizon thickness ϫ AWC (for the texture class) ϫ fine-earth fraction]. For horizons with fragipans, the AWC was reduced by 50% if roots were noted within the fragipan. If no roots were present within or below the fragipan, an AWC of 0 was assigned to the fragipan and all underlying horizons. A profile-level AWC was then generated by summing the AWC of each soil horizon to a depth of up to 1 m.
Photosynthetically active radiation (PAR) was measured using Smart Sensors with a HOBO Micro Station (Onset Computer Corporation, Bourne, MA). A PAR sensor was mounted on a camera tripod placed at the regeneration plot center and leveled at a height of 0.9 m, approximately the height at or just above the reproduction canopy. For each plot, PAR was logged every hour for a single 24-hour period and was expressed relative to PAR in full sunlight by dividing the sum of hourly PAR values logged in the vegetation plots by the sum of the hourly PAR values logged over the same 24-hour period nearby in the open. Because of a limited number of sensors, PAR was measured on a subset of plots during a given 24-hour period. All measurements were made during a 4-week time period from September 10 to October 10.
The percent stocking (sensu Gingrich 1967) of the overstory and midstory was calculated using the plot inventory data. Stocking values were calculated on a per tree basis and expanded to a per hectare basis at the vegetation plot level. Equations for estimating hardwood stocking were from Gingrich (1967) , and equations for estimating shortleaf pine stocking were from Rogers (1983) .
Model Development and Comparisons
Multiple linear regression was used to model relationships between the abundance of advance reproduction and metrics indicative of water, nutrient, and light supply including the soil pH w , AWC, TSI, TASPECT, and PAR. The soil pH w is a simple indicator of nutrient supply, and the AWC is an estimate of the amount of plant-available water potentially supplied by the soil. The TSI and TASPECT collectively provide information about the land surface shape and orientation, which greatly affect soil water movement and availability. PAR measured 0.9 m above the forest floor provided a measure of the light availability to the advance reproduction in the understory. These variables were selected because collectively they provide a measure of nutrient, water, and light availability for seedlings and because the soil and terrain metrics are also readily available in other spatial information systems such as in the SSURGO database. Before analysis, the correlation among explanatory variables was examined using the Pearson's correlation coefficients (Proc Corr, SAS version 9.1; SAS Institute, Inc., Cary, NC) to avoid multicollinearity. There was a slight correlation between AWC and TASPECT (r ϭ 0.24, P ϭ 0.01) and between pH and TASPECT (r ϭ 0.27, P ϭ 0.01), indicating that soils of southwest-facing slopes have a slightly greater volume of coarse fragments than soils on northeast-facing slopes, which decreases the soil's ability to hold water and supply base cations. However, TASPECT was included in some models along with AWC and pH because it is also a measure of water and nutrient demand by plants rather than of water and nutrient supply.
The model form was
where Y is the abundance of reproduction per hectare, ␤ 0 is the intercept, and ␤ 1 , ␤ 2 , … ␤ n are parameters for the site variables X 1 , X 2 , …, X n . Initially, the oak reproduction density models were developed by treating each of the 120 sampling locations as independent observations. The general linear mixed models procedure in SAS statistical software (Proc GLIMMIX, SAS version 9.3) was used to estimate model parameters. Because they fit best to the data, the oak reproduction densities were modeled as gamma distributions after adding 0.001 to eliminate 0 values from vegetation plots having no oak seedlings.
However, many of the models for estimating white oak reproduction density and all of the models for estimating the large oak reproduction density failed to converge because of the variability of the data. Consequently, a second modeling approach was taken in which data from the six regularly-spaced sampling points within each of the 20 experimental units were averaged before the analysis and thereby results from each of the experimental units were treated as independent observations ( Table 1) . Because of its logarithmic scale, soil pH values were averaged as hydrogen ion concentrations and transformed back to pH for model development. Averaging data from the six plots per experimental unit had the effects of normalizing the oak reproduction densities and eliminating the zero values and also reducing the variation in the explanatory variables. This procedure greatly simplified the analytical requirements, and, consequently, the modeling was conducted using the regression procedure in SAS statistical software (Proc Reg, SAS version 9.3) using the same model form as that for the nonaveraged data set.
Because of concern that averaging the data within experimental units may have changed the outcome, models generated using the averaged data were compared with those generated using the nonaveraged data (for models that converged). In most comparisons, the models fit with either data set yielded similar results, suggesting that the data averaging did not substantially change the outcome.
The models examined initially included all five variables (pH w , AWC, TSI, TASPECT, and PAR), identified as the "full" models in Table 2 . However, we recognized that we could have selected different variables or constructed simpler models with fewer explanatory variables. For example, we could have selected the variable pH s or BS rather than pH w as a measure of nutrient availability or overstory stocking rather than PAR as a measure of understory light levels. Similarly, we also recognized that simpler models with fewer explanatory variables may be as suitable for estimating oak advance reproduction as the full models with all five variables. To compare alternative models having fewer explanatory variables or with surrogate measures for nutrient supply (e.g., BS or pH s ), an informationtheoretic approach was used (Burnham and Anderson 1998) . As per this approach, alternative models (hypotheses) were compared using Akaike's information criterion (AIC). The Akaike weights (W i ) were generated as suggested by Burnham and Anderson (1998) and used to judge model fit. To generate W i , the following formula was used
where W i is the weight of the ith model, ⌬i is the difference between the lowest AIC score and the AIC score of the ith model, and R is equal to the total number of models compared.
Pearson's correlation coefficients were used to compare oak advance reproduction densities with overstory oak stocking or with the seedling densities of other species. 
Model Validation
To examine the suitability of linking the oak advance reproduction models to SSURGO databases for predicting oak seedling densities in undisturbed stands, modeled data were compared with actual reproduction data (i.e., validation data set) derived from a study conducted elsewhere on the SEF. In the validation data set described by Kabrick et al. (2011) , oak advance reproduction Ͻ4 cm dbh was tallied in 30-cm height classes in 48 0.02-ha circular plots. For modeling all oak advance reproduction (model 4 in Table 2 , which required the soil pH and the AWC), the water pH (weighted by horizon thickness), and the AWC of the validation plot, each for a 100-cm soil depth, were obtained from the Web Soil Survey.
1 For modeling the large oak advance reproduction (model 16 in Table 2 , which required the pH, AWC, and slope-aspect) the slope-aspect of each validation plot was derived with a 30-m resolution digital elevation model. When one or more of the 48 validation plots occurred in a location having the same pH and AWC or the same pH, AWC, and slope-aspect class, the modeled oak advance reproduction densities were averaged. This yielded six different data points for validating estimates of the category "all oak" advance reproduction and nine different data points for validating estimates of the large oak advance reproduction. To assess model fit, the root mean square error (RMSE) was calculated
where the error is the difference between the actual and the model oak reproduction density for n comparisons. Maps of modeled oak reproduction densities were created for the SEF and surrounding forest area by applying the models to individual soil polygons using the soil pH and AWC values for each soil map unit and the slopeaspect derived from a digital elevation model.
Results
All of the oak advance reproduction abundance models examined (Table 2 ) produced significant results (P Յ 0.05), but some models exhibited better fit than others as indicated by the AIC scores, Akaike weights, and R 2 . For example, the best fit model for the category all oaks was model 4, which included pH w and AWC as the only site variables. However, the best fit model for the red oak group (model 5) also included the site variables TASPECT, TSI, and PAR, suggesting that inclusion of these three variables improved the overall model fit even though they each were not significant effects. For white oaks, the simplest model (model 13), which included pH w as the only site variable, had the best overall fit. The parameters for these models indicated that, in general, oak advance reproduction increased with decreasing soil water supply and/or increasing soil acidity (Figure 1) . The relationship between the advance reproduction and site variables appeared to be more important for red oaks than for white oaks as indicated by the greater R 2 . Because large oak advance reproduction is generally more competitive than small oak advance reproduction after canopy removal (Loftis 1990 , Dey et al. 1996 ), models for estimating the density of oaks Ͼ30 cm tall were compared (Table 2 ). This size threshold was selected because research in this region has shown that oak advance reproduction Ͼ30 cm tall is from 1 to 10 times more likely to become a canopy dominant after release than smaller oak advance reproduction (Sander et al. 1984) . The best fit model (model 16) included the site variables pH w , AWC, and the variable TASPECT, which was a significant effect in all models for 
where Y is the oak advance reproduction density (stems/ha), ␤ 0 is the intercept and ␤ n are parameters for the site variables: X 1 is pH w , X 2 is AWC, X 3 is TASPECT, X 4 is TSI, and X 5 is PAR (in decimal form). The "full" model includes all five variables and the models listed below each full model are alternative models with fewer variables. AIC is the Akaike information criterion score, W i is the Akaike weight indicating relative support for the model, P is the overall model P value, R 2 is the coefficient of determination, and MSE 1/2 is the square root of the model mean square error. a Effect significance, P Ͻ 0.05. b Models 4, 5, 13, and 16 are the best supported models. c Effect significance 0.05 Ͻ P Ͻ 0.10. large oak advance reproduction that were examined. The parameters for these models indicated that large advance reproduction increased as the slope-aspect became more southwesterly (i.e., as TASPECT approached 0) (Figure 2 ).
Alternative models for estimating the abundance of all oak advance reproduction (model 4) were developed by substituting pH s (the salt pH), BS, or BS 0.5 for the pH w (models 4b through 4d in Table 3 ) to determine whether these were better predictors of oak advance reproduction density. Although all models were significant, the AIC scores, Akaike model weights, and R 2 each indicated that substituting pH s or the BS decreased model fit.
Correlations between oak advance reproduction density and oak stocking in the overstory were examined to determine whether the species composition and abundance of the oak advance reproduction was related to the species composition and abundance of the acorn-producing trees in the stand. The only significant correlation occurred with the white oak group species (r ϭ 0.54, P ϭ 0.01). Consequently the two best white oak models (models 12 and 13 in Table 2 ) were refit to include the stocking of white oaks of Ͼ25 cm dbh, which significantly improved the overall fit of each model (Table 4) .
Correlations between the oak advance reproduction density and the advance reproduction of other species were also examined (Table 5). In general, oak advance reproduction density was inversely related to the reproduction density of nonoak species. However, there were a few individual species that appeared to be associated, either positively or negatively, with oak advance reproduction. For example, sassafras (Sassafras albidum [Nutt.] Nees) advance reproduction density was positively correlated to oak advance reproduction density. In contrast, the combined abundance of spice bush and Carolina buckthorn in the regeneration size class was negatively correlated to the abundance of red oak advance reproduction. These correlations indicated that sassafras reproduction occurs on sites where oak reproduction is abundant, whereas spice bush and Carolina buckthorn are more abundant where oak advance reproduction is either not abundant or simply not present.
To evaluate the utility of linking the oak advance reproduction models with SSURGO data for predicting the oak advance reproduction density, modeled oak advance reproduction densities were compared with actual values made from an independent data set collected in mature stands that had reached the understory reinitiation stage. The soil pH and AWC data required for modeling the advance reproduction density were obtained from the SSURGO database and the slope-aspect was derived from a digital terrain model. Overall, the RMSE ranged from 1,393 stems ha Ϫ1 for the estimates of the large oak advance reproduction density to 1,490 stems ha Ϫ1 for the estimates of all oak advance reproduction. There was better agreement between the modeled and actual oak reproduction density for estimating all oaks than for estimating the large oaks (Figure 3) . Maps of the modeled oak advance reproduction density were developed using slope-aspect information and the SSURGO soil map unit polygons and their associated estimates of pH and AWC (Figure 4 ).
Discussion
Models indicated that the abundance of oak advance reproduction increased with decreasing nutrient supply and water holding capacity, and the two most important variables were pH and AWC (Table 2 ). For the abundance of large (Ͼ30 cm tall) oak advance reproduction, aspect was also an important and statistically significant determinant, with the relatively drier southwest-facing aspects possessing greater quantities of large oak reproduction than northeast-facing aspects. It has long been recognized that oak advance reproduction is more abundant on southwest-facing slopes (Carvell and Tryon 1961 , Hodges and Gardiner 1993 ) because they are drier. Oaks are capable of maintaining greater leaf turgor and photosynthesis rates under drought conditions than associated species in oak-hickory forests (Hinckley et al. 1978 , Bahari et al. 1985 . The drier site conditions limit the number of oak competitors in the advance reproduction layer by either preventing their establishment or by reducing their survival rate, thereby allowing the relatively drought-tolerant oak advance reproduction to accumulate in the understory (Johnson 1992, Ashton and . Our data confirmed that the abundance of large oak advance reproduction is significantly related to a site's slope-aspect and inversely related to soil AWC, one of the most important metrics of soil water supply. Terrain shape as indicated by the TSI also strongly influences water availability and consequently site quality in the southern Appalachians (McNab 1989) , but TSI was not a significant variable in our models.
Although water supply is most commonly identified as an important factor associated with oak advance reproduction abundance, soil pH w was significant in most of the models that we examined ( Table 2 ), indicating that the abundance of oak advance reproduction increased with increasing soil acidity. Soil pH is also an important indicator of nutrient supply because it is strongly related to base cation concentrations in soil solution (Bigelow and Canham 2002) and inversely related to the concentration of aluminum, which is toxic to many plants (Schaedle et al. 1989, Cronan and Grigal 1995) . Although oaks are capable of growing on sites having a wide range in soil pH, many oak species tolerate soil acidity or high soil aluminum concentrations better than do many oak competitors (Cronan et al. 1989 , Schaedle et al. 1989 . Throughout eastern North America, soil pH or base cation concentrations are reported to be inversely related to oak sapling abundance in oak-northern hardwood stands (Bigelow and Canham 2002) , as well as to oak 
where Y is the oak advance reproduction density (stems per ha), ␤ 0 is the intercept and ␤ n are parameters for the variables: X 1 is the stocking of white oaks Ͼ25 cm dbh (stocking), X 2 is pH w , and X 3 is AWC. AIC is the Akaike information criterion score, W i is the Akaike weights indicating relative support for each model, P is the overall model P value, R 2 is the coefficient of determination, and MSE 1/2 is the square root of the model mean square error. Missing values indicate where the variable was omitted from the model. a Effect significance, P Ͻ 0.05 b Model 12b is the best model. overstory abundance in oak-hickory forests (Nigh et al. 1985) and in mixed hardwood forests (Van Breemen et al. 1997 ). In the Ridge and Valley Province of Pennsylvania, USA, Fei and Steiner (2008) found that oak reproduction was more abundant on well-drained, acid soils and was related to the cover of acid soil indicator plant species such as blueberry or huckleberry. Our study also indicated a strong relationship between oak advance reproduction abundance and measures of soil acidity. Moreover, model comparisons indicated that substituting the pH s or the BS for the pH w (models 4b through 4d in Table 3 ) also yielded highly significant models, although a better fit occurs when the pH w is used (model 4 in Table 3 ). Fit statistics indicated that soil pH and AWC have a greater effect on the quantity of advance reproduction for the red oak group than for the white oak group (Table 2), suggesting that the advance reproduction of principal species in our red oak group (black oak and scarlet oak) is more related to site conditions than is that of the species of the white oak group (primarily white oak). This weaker relationship between white oak advance reproduction and site factors is probably related to the silvics of this species. White oak is moderately shade tolerant, and white oak seedlings are particularly so (Rogers 1990 ). This shade tolerance may allow advance reproduction of this species to persist better than that of black oak and scarlet oak seedlings where site conditions are favorable for the establishment of oak competitors. Kabrick et al. (2008) examined the abundance of white oak and red oak advance reproduction elsewhere in the Missouri Ozarks and found a greater abundance of red oak advance reproduction on the drier and nutrient-poor ecological land types and a concomitant decrease in the abundance of nonoaks and oak competitors. However, there was no significant relationship between ecological land type and the abundance of white oak advance reproduction.
Low understory light levels are commonly identified as a factor limiting the accumulation of oak advance reproduction (Carvell and Tryon 1961 , Walters 1990 , Lorimer et al. 1994 , Miller et al. 2004 , Lhotka and Loewenstein 2009 . Accordingly, PAR was expected to be a significant factor related to the abundance of oak advance reproduction. Even though the stands that we examined were about 82 years old and had not been thinned, they exhibited a wide range of PAR (from 5 to 25% full sunlight) ( Table 1 ) because of canopy gaps created by natural mortality and blow down from recent storm events. Despite the wide range in light availability, PAR was only a marginally significant effect (P ϭ 0.09) for the red oak group species. The two most abundant species of the red oak group in our study-primarily black oak and scarlet oak-are relatively shade intolerant compared with white oak (Johnson 1990 , Sander 1990 , which was the dominant species of the white oak group. The overall lack of significance suggests that in undisturbed stands in the Ozark Highlands where PAR averages 10% full sunlight, light availability per se may be less important for accumulating oak advance reproduction than factors related to nutrient and water supply. However, in mesophytic oak ecosystems in which a high density of shrubs and understory species reduces the light reaching the forest floor, light availability may play a more important role. For example, in bottomland oak forests Motsinger et al. (2010) found that survival and retention of natural and planted pin oak (Quercus palustris Muench.) seedlings was greater in stands that were thinned from below (PAR ϭ 15% full sunlight) compared with that in undisturbed stands (PAR ϭ 3% full sunlight). Loftis (2004) noted that in mesophytic upland oak ecosystems, oak reproduction "cycles in and out" with seedling establishment after an acorn crop and eventual mortality because of insufficient light.
Correlation analysis also indicated that the abundance of nonoak advance reproduction, with the exception of sassafras, was inversely related to the abundance of oak advance reproduction (Table 5) , which was also reported to occur in oak stands elsewhere in the Ozark Highlands (Kabrick et al. 2008 ) and southern Ohio, USA (Walters 1990 ). This observation suggests that where soil conditions are more favorable, nonoak advance reproduction has a greater capacity to accumulate in the understory of unharvested stands, occupying the growing space and thereby preventing the establishment or retention of oak seedlings. The correlation analysis also indicated that spice bush and Carolina buckthorn are the two species in the study area that interfere with the establishment or retention of oak seedlings. These two understory shrubs are most abundant where the soils have more base cations and more available water and are conspicuously absent where soils are acidic and droughty.
For white oaks, including a measure of the relative density of large (Ͼ25 cm dbh) white oaks in the models improved the overall fit (Table 4) . Even with its inclusion, the soil pH and AWC were significant effects, suggesting that in addition to site factors white oak advance reproduction density is also closely linked to the abundance of acorn producers in the parent stand. Johnson (1992) also observed that white oak advance reproduction density was more strongly related to the basal area of large (Ͼ30 cm dbh) white oaks than to that of large (Ͼ36 cm dbh) black oaks in xeric oak stands in Michigan. However, we also observed that the abundance of large white oaks capable of producing acorns comprised only 10% (range 3-22%) (Table 1 ) of the total stocking, which on average was less than half of the stocking of the large (Ͼ25 cm dbh) red oaks (mean 25%, range 7-46%) ( Table 1) . It is conceivable that the abundance of mature, acorn-producing white oaks was below a threshold where small changes in their stocking significantly affected white oak acorn availability and consequently the advance reproduction density.
It is important to recognize that the oak seedlings in a stand at any given time may have accumulated from multiple acorn crops over several years or, in dry oak ecosystems, over several decades ). Although large numbers of oak seedlings can develop in stands after abundant acorn crops ), the oak advance reproduction density in undisturbed stands is more of a function of oak seedling persistence (Loftis 2004) . Once the large quantity of carbohydrate reserves provided by the germinating acorn are exhausted, oak seedlings need to have sufficient growing space and sunlight to survive and grow. In the absence of disturbances to enhance the retention of oak advance reproduction (e.g., application of prescribed fire, thinning, or herbicides to remove oak competitors), the drier and nutrient-poor site conditions generally favor the long-term accumulation of oak seedlings and seedling sprouts because fewer nonoak seedlings occupy the growing space. Because this process occurs over long time periods (up to decades), oak advance reproduction abundance can be modeled using soil and site properties indicative of the long-term capacity of a given site to supply water and nutrients.
This propensity of an oak ecosystem to accumulate oak advance reproduction was described by Johnson et al. (2009) . Ecosystems in which oak seedlings readily accumulate and persist for long periods are referred to as intrinsic oak accumulators and those where oak reproduction fails to accumulate as recalcitrant accumulators. The authors postulated that sites that are intrinsic accumulators have lower soil moisture and nutrient supplies and consequently support fewer oak competitors to displace the oak advance reproduction. Our findings provided further support for this supposition and also indicated that oak advance reproduction in stands in the understory reinitiation stage of stand development can be modeled with regression equations that incorporate site information such as soil pH, AWC, and slope-aspect. In addition, there is evidence indicating that the soil pH and AWC can be obtained remotely in the SSURGO database and used in the models developed in this study for estimating oak advance reproduction densities. For example, oak advance reproduction density can be modeled at stand or landscape scales (Figure 4 ) using slope-aspect information and the SSURGO soil map unit polygons and their associated estimates of pH and AWC in the models shown in Table 2 .
Management Application
Because of the variability in seedling density in oak stands and the variability of soil properties not captured in the SSURGO database, the modeled and the actual oak advance reproduction density may differ considerably (Figure 3) . Seedling density at a single point in time is also affected by the time since natural or silvicultural disturbances that may have substantially altered the overstory canopy or reduced the competitor density in the understory. Therefore, we do not anticipate that our models will replace the need to conduct actual reproduction surveys for forest regeneration planning.
Nonetheless, it appears that these models can serve as a tool to identify where in the landscape oak advance reproduction potentially will be limited and consequently where silvicultural interventions are needed for increasing its abundance and size.
Although seedling density and size thresholds for ensuring successful oak regeneration appear to differ by ecoregion (Sander et al. 1984 , Spetich et al. 2002 , Brose et al. 2008 , Dey et al. 2009 ), much has been written about the silvicultural interventions needed for increasing the abundance and size of oak advance reproduction before release (Loftis 1990 , Lorimer 1993 , Schlesinger et al. 1993 , Larsen and Johnson 1998 , Brose et al. 2012 . The application of the shelterwood method to increase the amount of sunlight reaching the forest floor has been shown to increase the size (Loftis 1990 ) and/or the abundance (Motsinger et al. 2010 ) of oak reproduction. Prescribed fire has also become an important silvicultural tool for removing leaf litter to increase acorn germination rates and reducing midstory density to increase light reaching seedlings before a regeneration harvest is conducted and for releasing oaks from mesophytic competitors when applied in conjunction with shelterwood harvests (Brose et al. 1999 , Brose 2010 . These disturbances functionally "xerify" the site (sensu Johnson et al. 2009, p. 159) , meaning that they temporarily cause the forest structure and seedling layer to more closely resemble the composition occurring on drier sites. This includes reductions in the number of seedlings and understory shrubs or small trees that ordinarily are limited by dry site conditions. Silviculture thus can be used to reverse the "mesophication" identified by Nowacki and Abrams (2008) that underlies the oak regeneration problem.
Silvicultural interventions to increase the abundance and size of oak advance reproduction take time to implement or can be costly, often competing for personnel time or other financial resources that can be used for other forest management activities. Models such as those presented here can be used as a planning tool for identifying the location and total land area where oak reproduction is likely to be inadequate and prioritizing where targeted silvicultural interventions are needed to increase the density or size of oak reproduction.
It is important to recognize that specific relationships between abiotic and biotic factors and oak advance reproduction may differ among ecoregions (Dey et al. 2009 ). In addition, other factors such as seedling browsing by deer may obscure the effects of soil properties, stand density, or light availability on reproduction density (Abrams and Sands 2010).Therefore, the extendibility of these models to other ecoregions would need to be examined before they are applied elsewhere.
Conclusions
For the oak forests examined in this study, data indicated that oak advance reproduction abundance could be modeled using measures of soil pH and AWC and other site information such as slopeaspect. Data suggested that these physical measures of soil acidity and water supply were more important than terrain shape and light availability in undisturbed stands that are in the understory reinitiation stage of stand development. Models for the red oak group species generally exhibited better fit than those for the white oaks, suggesting that the red oak group species are more sensitive to site and stand conditions than are the white oaks. However, white oak advance reproduction models were improved by including as a covariate the stocking of overstory white oaks (i.e., those Ͼ25 cm dbh and more likely to provide acorns). There also was evidence that estimates of soil pH and AWC can be obtained from the SSURGO database and used in these oak advance reproduction models along with other site information to generate maps of estimated oak reproduction densities. These maps identify the location and extent on the landscape where oak advance reproduction density may or may not be sufficient for meeting regeneration goals, and thus be used for planning for silvicultural interventions to increase the abundance and size of oak advance reproduction before forest regeneration.
